I
n eukaryotes, a highly conserved multienzyme system covalently links ubiquitin to intracellular proteins targeted for degradation. The resulting ubiquitin-protein conjugates are degraded by the 26S proteasome, a large ATP-dependent protease (1) (2) (3) (4) (5) . Proteasome inhibitors constitute a class of antitumor agents with preclinical evidence of activity against hematologic malignancies and solid tumors (6) (7) (8) (9) (10) (11) . Specifically PS-341, a boronic acid dipeptide with selective activity as a proteasome inhibitor, has activity against multiple myeloma (MM) cells in vitro (11) ; and inhibits tumor growth in a murine plasmacytoma model (12) . In a multicenter Phase II clinical trial in MM patients with very ominous prognosis due to rapidly progressing relapsed refractory disease, PS-341 has demonstrated remarkable antitumor activity, including objective responses (even complete ones) in Ϸ55% of patients and disease stabilization in another Ϸ25% of patients (13, ‫.)ءء‬ To date, however, the precise molecular targets mediating the anti-MM activity of PS-341 are not fully defined.
Proteasome inhibition abrogates degradation and induces cytoplasmic accumulation of IB, which blocks the nuclear translocation and transcriptional activity of NF-B. This effect may account in part for the anti-MM effects of PS-341: NF-B, a potential therapeutic target in MM, regulates cell adhesion molecule expression and IL-6 production in the bone marrow milieu (11) ; and its constitutive activity enhances MM cell survival and resistance to cytotoxic agents, by transcription of inhibitors of apoptosis such as Bcl-2, A1, cIAP-2, and XIAP (14) ; conversely, certain anti-MM therapies, e.g., dexamethasone, thalidomide, and its immunomodulatory analogs (IMiDs), inhibit NF-B activity (11, (15) (16) (17) (18) (19) . Comparison of the effects of PS-341 vs. PS-1145, a specific IB kinase inhibitor, on MM cells, suggests that NF-B inhibition may not be the sole mediator of PS-341 anti-MM activity (20) . Further delineation of the molecular targets correlating with response and resistance to PS-341 may both delineate the mechanism(s) of its antitumor activity and allow for the development of more specific, less toxic, targeted therapies.
Transcript profiling and population genomics in Saccharomyces cerevisiae identified the transcription factor Rpn4p as a mediator of response to PS-341 (21) . More importantly, that study, performed by the same group that developed PS-341, demonstrated that only a limited number of genes is involved in the PS-341-induced sequelae in that model (21) . Because the genome of S. cerevisiae is fully sequenced and well explored genetically, it is unlikely that any significant PS-341-induced interactions in that model were missed, highlighting a striking selectivity in the actions of this proteasome inhibitor and supporting its role as a clinically applicable agent. Because of differences in cellular physiology between S. cerevisiae and human neoplastic cells (e.g., human MM cells undergo apoptosis after treatment with PS-341 at concentrations 10,000-to 100,000-fold lower than those used in ref. 21) , we focused in this study on the molecular mechanisms of the antitumor cell actions of PS-341 that are most relevant to its use in our patients with MM, which is currently considered the prototypic disease model of antitumor activity of PS-341. Specifically, we characterized by oligonucleotide microarrays the gene expression profile of proteasome inhibitor-treated MM cells and defined molecular pathways with a putative role in the proapoptotic effects of proteasome inhibition. Further mechanistic studies on these pathways showed that PS-341 decreases the levels of several antiapoptotic proteins and induces a dual apoptotic pathway of mitochondrial cytochrome c release and caspase-9 activation, as well as activation of Jun kinase (JNK) and a Fas͞caspase-8-dependent apoptotic pathway [which is inhibited by a JNK inhibitor and a dominant negative (decoy) Fas construct, respectively]. Overexpression of Bcl-2 or constitutively active Akt in MM cells also modestly attenuates PS-341-induced cell death, whereas inhibitors of the BH3 domain of Bcl-2 or of the chaperoning activity of the heat-shock protein 90 (hsp90) enhance tumor cell sensitivity to proteasome inhibition. These studies therefore both delineate molecular targets of proteasome inhibitors and This paper was submitted directly (Track II) to the PNAS office.
Abbreviations: MM, multiple myeloma; hsp, heat-shock protein; IGF-1, insulin-like growth factor 1; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide. ‡ N.M. and C.S.M. contributed equally to this work. provide the framework for development of more effective proteasome inhibitor-based therapies, which will aim at potentiating the proapoptotic molecular sequelae induced by PS-341 and͞or neutralizing protective mechanisms against its action.
Materials and Methods
Tissue Culture and Materials. The human MM cell line MM.1S was kindly provided by S. Rosen (Northwestern University, Chicago) and cultured as described (14 
Results
Transcriptional Profile of PS-341-Treated MM.1S Cells. To define molecular pathways regulating PS-341-induced apoptosis, we characterized, by oligonucleotide microarray analysis, the gene expression profiles of MM cells treated with PS-341 (100 nM for 0-8 h) vs. control cells by using the human U95Av2 Affymetrix GENECHIP. MM cells do not exhibit morphological features of apoptosis until after 12 h of treatment with PS-341; cell viability was thus maintained throughout the experiment. PS-341 did not suppress transcriptional activity of tumor cells indiscriminately, but rather induced distinct patterns of coordinated changes in a range of transcripts, including down-regulation of growth and antiapoptotic transcripts; induction of members of apoptotic cascades; upregulation of components of the proteasome͞ubiquitin pathway; and an especially potent up-regulation of hsp transcripts. The selectivity of the actions of PS-341 on mammalian cells is consistent with the results of Fleming et al. in S. cerevisiae (21) , where PS-341-induced sequelae involved distinct patterns of molecular events, and all of the identified genes were encoding well characterized substrates or regulators of the 26S proteasome. Understandably, such a specific response pattern highlights the functional impact of PS-341 on select intracellular molecular pathways, and further supports the use of this proteasome inhibitor as a tool for further mechanistic studies, as well as a clinically applicable therapeutic agent. A summary of PS-341-induced changes in transcripts regulating these pathways is presented in Fig. 1 .
PS-341 Down-Regulates Expression of Growth-Signaling Pathway
Components. PS-341 potently down-regulates transcription of key molecules implicated in growth and survival cascades, e.g., 4-to 16-fold reductions in expression of insulin-like growth factor 1 (IGF-1), its receptor (IGF-1R), and molecules regulating IGF-1 signaling, including insulin receptor substrate-1 (IRS-1) and IGFBP-3 ( Fig. 1 ), indicating that PS-341 targets the IGF-1-signaling pathway, which promotes MM cell growth, survival, and resistance to drugs including dexamethasone (25) , Fas crosslinking, and TRAIL͞Apo2L (26) . These data are also consistent with the in vitro synergy of PS-341 and TRAIL͞Apo2L (27) , and the additive anti-MM effect of PS-341 and dexamethasone, either in vitro (11) or in vivo.** We extended these findings by further investigating the effect of exogenous IGF-1 on PS-341-induced apoptosis: IGF-1 (200 ng͞ml) decreased the PS-341-sensitivity of MM cells ( Fig. 2A) . Because Akt is a key mediator of antiapoptotic effects of IGF-1 (26), we stably transfected MM.1S with constitutively active Akt and found that the transfectants were less sensitive to PS-341 than control vector cells (Fig. 2B ). This finding suggested that the antitumor activity of PS-341 can be influenced by paracrine factors present in the MM microenvironment, such as IGF-1; and that the clinical efficacy of PS-341 may be enhanced when used in combination with agents inhibiting these factors and͞or their signaling pathways.
PS-341 Induces Dual Apoptotic Signaling. Our oligonucleotide microarray studies also revealed that PS-341 modulates the expression of genes related to death cascades, e.g., PS-341 induces procaspase-8, pro-caspase-1, pro-caspase-7 (mch3), caspase-4, caspase-9 (mch6), and pro-caspase-5 mRNA; increases the deathinducing receptors DR5 and Fas and the death ligand FasL; decreases the antiapoptotic proteins Bcl-2 and BIRC3, as well as Toso and FLIP, which are negative regulators of Fas-mediated apoptosis (28) ; and increases GADD34 (29-31) and GADD45, which mediate growth arrest and apoptosis triggered by UV radiation or chemotherapy (32) (Fig. 1) . PS-341 also induces an increase in p21͞WAF1; suppression of transcripts for XBP-1, a key transcription factor for plasma cell differentiation; and downregulates syndecan-1 (CD138), which is expressed on the surface of viable MM cells, stimulates the growth and survival of MM cells, and is down-regulated during induction of apoptosis (33) .
These results prompted us to focus further on apoptotic signaling induced by proteasome inhibition, and, specifically, the cascades of caspase activation. Having previously characterized the caspase cascades triggered by conventional therapies, e.g., dexamethasone (34) , and novel agents, e.g., thalidomide (Thal) and its immunomodulatory derivatives (IMiDs) (19) , Fas (35) , and Apo2L͞TRAIL (24), the goal of this study was to delineate how PS-341 overcomes drug resistance, and provide the basis for enhancing its activity by combination with other therapies. PS-341 rapidly decreased protein expression of Bcl-2, A1, cIAP-2, and (at higher concentration) FLIP and XIAP (Fig. 7A , which is published as supporting information on the PNAS web site), but did not change the protein levels of cIAP-1 and Bcl-X L . These changes are reminiscent of those observed in MM cells after specific inhibition of NF-B (14) . PS-341 inhibits tumor necrosis factor-␣-induced NF-B activation (36) and we now show that it also down-regulates constitutive NF-B activity (Fig. 7B ) in a dose-dependent manner that parallels the down-regulation of the aforementioned apoptosis inhibitors. Because the observed in PS-341-induced decreases in antiapoptotic Bcl-2 and A1 proteins suggest mitochondrial involvement in the induction of apoptosis, we next confirmed that PS-341 induces cytoplasmic release of mitochondrial cytochrome c (Fig. 7C) .
Further investigating the role of caspases in PS-341-induced apoptosis, we confirmed by immunoblotting, that PS-341 induces an early cleavage of caspase-9, and later cleavage of caspase-8 (Fig. 5A , which is published as supporting information on the PNAS web site). The pan-caspase inhibitor ZVAD-FMK completely abolishes PS-341-induced apoptosis, whereas the caspase-8 inhibitor IETD-FMK and the caspase-9 inhibitor LEHD-FMK each mediate partial protection (Fig. 5B) . These studies confirm dual apoptotic signaling triggered by PS-341.
Our finding of mitochondrial involvement, evidenced by downregulation of Bcl-2 and A1 expression associated with cytochrome c release, prompted us to investigate further whether overexpression of Bcl-2 conferred protection against PS-341. We therefore stably transfected MM.1S cells with Bcl-2 expressing or control vectors (Fig. 8A , which is published as supporting information on the PNAS web site). The effect of PS-341 on survival was modestly attenuated by Bcl-2 overexpression in transfectants (Fig. 8B) . Conversely, the BH3I-2Ј inhibitor, a cell-permeable peptide which specifically prevents BH3 domain-mediated interaction between proapoptotic and antiapoptotic members of the Bcl-2 family (37) and by itself has no anti-MM activity, sensitizes MM.1S cells to PS-341 (Fig. 8C) . Collectively, these data support the role of the Bcl-2͞mitochondria͞cytochrome c͞caspase-9 axis as one of the mediators of PS-341-induced apoptosis.
Because our oligonucleotide microarray profiling and immunoblotting data both show involvement of the death receptor Fas and its downstream effector caspase 8, we next examined the role of Fas-mediated signaling in PS-341-induced apoptosis. Pretreatment with subtoxic concentrations of PS-341 (5 nM for 4 h) sensitizes MM.1S cells to subtoxic concentrations of the Fas crosslinking antibody CH11 (Fig. 9A , which is published as supporting information on the PNAS web site). Immunoblotting also reveals that PS-341 induces up-regulation of FasL on MM.1S cells (Fig. 9B) . Because proteasome inhibitors stabilize c-myc (38) , which regulates FasL expression (39, 40), we next confirmed that c-myc protein levels are also increased in PS-341-treated MM.1S cells (Fig. 9B) . (Fig. 9C) . These data support the notion that the Fas͞FasL system is an additional mediator of PS-341-induced apoptosis.
To characterize the mechanism of up-regulation of Fas, we evaluated the role of c-Jun and AP-1, because AP-1 has been reported to regulate Fas expression (41) . PS-341 treatment (8-12 h) of MM.1S cells stabilizes JNK (data not shown) and increases c-Jun phosphorylation and DNA-binding activity of the transcription factor AP-1 (Fig. 6A , which is published as supporting information on the PNAS web site), correlating with increased protein levels of Fas (Fig. 6B) . The JNK inhibitor SP600125 partially blocks PS341-induced Fas up-regulation (Fig. 6B) and apoptosis (Fig. 6C) . These data are in agreement with Meriin et al. (42) , who described a crucial role for JNK, a proteasome substrate, in apoptosis induced by the proteasome inhibitor MG132 in U937 cells, because it was suppressed by a dominant-negative SEK1 mutant and a JNK antisense oligonucleotide. Taken together, these data suggest that JNK is activated during and contributes to PS-341-induced apoptosis by stimulating the Fas pathway.
PS-341 Increases Transcription of Components of the Ubiquitin͞Pro-
teasome Pathway in MM.1S Cells. Our oligonucleotide microarray analyses also reveal that PS-341 stimulates transcription of molecules in the ubiquitin͞proteasome pathway (Fig. 1) . Most notably, PS-341 up-regulates expression of ubiquitin, as well as a wide range of proteasome subunits. These include: 26S proteasome subunits p44.5 and p55, which are required for cell survival (43); proteasome subunits HsN3, HsC7-I and HsC10-II; p112, the largest regulatory subunit of the 26S proteasome (44); p40.5 subunit, which protects against heat stress (45); p31 regulatory subunit, a homolog of the S. cerevisiae protein Nin1p which is required for G 1 ͞S and G 2 ͞M cell cycle transition (46); HC5, HC8, and p58 subunits; proteasomeassociated pad1 homolog (POH1), which confers pleiotropic Pglycoprotein-independent resistance to paclitaxel, doxorubicin, 7-hydroxystaurosporine, and UV light in mammalian cells (47) ; subunits X, Y, and Z, implicated in substrate specificity of the proteasome and its modulation by extracellular stimuli such as IFN-␥ (48-52); as well as the p97 subunit of 26S proteasome, a polypeptide identical to the type-1 tumor necrosis factor receptorassociated protein-2 (53). This coordinated up-regulation of multiple genes encoding proteasome subunits triggered by PS-341 likely represents a stress response, similar to that reported in S. cerevisiae (21) .
PS-341 Increases Transcription of Stress Proteins in MM.1S Cells.
Our transcriptional profiling studies also showed that PS-341 induces a pronounced and global increase in hsp transcripts, including hsp90, hsp70, and hsp40 families; hsp28; hsp apg-1; and mitochondrial hsp75 (Fig. 1) . These changes are among the most pronounced responses to PS-341 observed in our transcriptional analysis and likely reflect a stress response, which would be consistent with the well documented role of these molecular chaperones in conferring protection against therapeutic agents (54) . Immunoblotting confirmed PS-341-induced up-regulation of hsp27, -70, and -90 (Fig.  3A) . The functional significance of up-regulation of hsps, in general, and, in particular, hsp90, in conferring a protective effect against PS-341 is confirmed by the fact that inhibitors of the hsp90-chaperoning function (55, 56) , such as the geldanamycin analog NSC683664, sensitized MM cells to PS-341-mediated apoptosis (Fig. 3B) .
Discussion
Proteasome inhibitors constitute a class of anticancer agents with highly encouraging preliminary clinical evidence of activity, particularly against MM, the second most commonly diagnosed hematologic malignancy in the United States. Even when administered as a single agent, PS-341 offers disease stabilization or objective responses (even complete ones), in Ϸ80% of MM patients (13, ‫)ءء‬ who previously failed all available conventional therapies and several other investigational anti-MM agents (e.g., thalidomide and IMiDs) (13, ‫.)ءء‬ This exciting result prompted us to characterize the molecular sequelae of PS-341 treatment of MM cells, and define molecular pathways that mediate its proapoptotic activity or that may, conversely, attenuate its effect; potentiation of the former mechanisms and͞or neutralization of the latter ones may improve the antitumor activity of proteasome inhibitor-based therapies.
Because of the pivotal role of the proteasome in cellular physiology, it could have been expected that proteasome inhibitors would induce nonspecific accumulation of undegraded substrates, cause massive and indiscriminate transcriptional shutdown, and prove too toxic for clinical use. Nevertheless, Fleming et al. demonstrated that only a limited number of genes is involved in the PS-341-induced sequelae in S. cerevisiae (21) . By using oligonucleotide microarray-based transcriptional profiling of PS-341-treated MM cells, we now found that proteasome inhibition induces, in human tumor cells, a specific coordinated pattern of transcriptional events consistent with its proapoptotic effect, e.g., down-regulation of transcripts involved in key growth͞survival signaling pathways (e.g., the IGF-1-receptor pathway), and up-regulation of molecules implicated in proapoptotic pathways (e.g., caspase cascade).
The down-regulation, by proteasome inhibition, of transcripts implicated in growth signaling, and in particular of IGF-1 and key mediators of its signaling cascade, are consistent with our previous data, which demonstrate that IGF-1 mediates resistance to dexamethasone and to anticancer therapies (e.g., Apo2L͞TRAIL) by Akt signaling (26) . Because IGF-1 is present in vivo both in the serum and the bone marrow microenvironment where MM cells primarily reside, our current findings may explain the clinical observation of the, at least additive, in vivo anti-MM effect of PS-341 with dexamethasone ‫:)ءء(‬ by counteracting the expression of IGF-1 and its signaling mediators, PS-341 can block not only the proliferative effect of this cascade, but also abrogate its ability to confer resistance against dexamethasone. Furthermore, in view of our recent findings that the IGF-1͞Akt axis reduces the sensitivity of MM cells to TRAIL͞Apo2L (26) , our current data may also explain why PS-341 has a synergistic effect with TRAIL͞Apo2L, in in vitro experiments in the presence of IGF-1-containing serum (27) . The PS-341 sensitivity of MM cells was reduced in the presence vs. absence of IGF-1, whereas overexpression of Akt (the key mediator of IGF-1-induced anti-apoptotic signaling), in a constitutively active form, also decreased the degree of proteasome inhibitor-induced apoptosis. These pieces of information taken together suggest that the IGF-1͞Akt axis and the proteasome inhibition constitute two opposing forces, which tend to promote cell survival vs. apoptosis, respectively, and that, from a therapeutic standpoint, the antitumor activity of PS-341 can be enhanced, instead of using increased PS-341 doses, by inhibition of IGF-1 and its downstream signaling.
Several key proteins in pathways regulating transcription and growth͞apoptosis are known substrates for proteasomal degradation, such as IB (36), c-myc (38, 57, 58) , and JNK (42) . However, the precise link between inhibition of proteasome activity and induction of apoptosis is was unknown. Our data now confirm that PS-341 induces dual (caspase 8 and 9) apoptotic signaling, consisting of early cytoplasmic release of mitochondrial cytochrome c and caspase-9 activation; followed by independent activation of the Fas͞caspase-8 pathway. Cytochrome c binds to Apaf-1 to form the ''apoptosome'' that activates caspase-9 and in turn cleaves and activates downstream executioner caspases (59, 60) . Cytochrome c release is facilitated by decreased levels of antiapoptotic members of the Bcl-2 family, such as Bcl-2 or A1͞Bfl-1, which inhibit the proapoptotic Bax. PS-341 stabilizes the NF-B inhibitor IB (36) , and we now show that it induces rapid decrease in NF-B activity and protein levels of several apoptosis inhibitors, including the mitochondrial proteins Bcl-2 and A1 (thus facilitating cytoplasmic cytochrome c release); and the caspase-9 inhibitor XIAP (further enhancing caspase-9 activity). NF-B is necessary for MM cell survival (14) ; and, conversely, specific inhibition of its activity down-regulates Bcl-2 and A1 expression, induces cytochrome c release into the cytoplasm, and activates caspase-9 (but not caspase-8) (14) . PS-341-induced apoptosis in MM cells is, therefore, mediated, at least in part, by a Bcl-2͞A1-cytochrome c-caspase-9 pathway triggered by NF-B inhibition. The importance of this pathway is confirmed by the early PS-341-induced cleavage of caspase-9 and the partial protection conferred by the caspase-9 inhibition. Also, overexpression of Bcl-2 modestly attenuates PS-341 sensitivity and delays the kinetics of PS-341-induced cell death; whereas a cell-permeable peptide that specifically prevents BH3 domain-mediatedinteractionbetweenproapoptoticandantiapoptotic members of the Bcl-2 family (37) sensitizes MM.1S cells to PS-341.
Moreover, caspase-8 inhibition has a significant protective effect in our model, confirming the importance of this second, independent apoptotic pathway. Because caspase-8 is the apical caspase of apoptosis induced by death ligands, such as tumor necrosis factor-␣, FasL, and TRAIL (35) , the ability of PS-341 to up-regulate Fas and down-regulate expression of caspase-8 inhibitors, such as FLIP and cIAP-2, could facilitate its enzymatic activity. Indeed, we have already reported that PS-341 sensitizes MM.1S cells to tumor necrosis factor-␣ (36) and TRAIL͞Apo2L (27) , and we now confirm a similar effect on Fas-mediated apoptosis. Fas upregulation in our model was dependent on the JNK͞c-Jun͞AP-1 axis, because AP-1 has been reported to regulate Fas expression (41) . Treatment with PS-341 stabilizes JNK and increases c-Jun phosphorylation and DNA-binding activity of the transcription factor AP-1, correlating with increased protein levels of Fas. The JNK inhibitor SP600125 partially blocks PS341-induced Fas upregulation and apoptosis. These data are in agreement with Meriin et al. (42) , who described a crucial role for JNK, a proteasome substrate, in apoptosis induced by the proteasome inhibitor MG132 in U937 cells, because it was suppressed by a dominant-negative SEK1 mutant and a JNK antisense oligonucleotide. Taken together, these data suggest that JNK activity contributes to PS-341-induced apoptosis. In our study, FasL expression is also upregulated in PS-341-treated cells. FasL expression is regulated by the transcription factor c-myc (40), a well known substrate for the ubiquitin-proteasome degradation pathway (38, 57, 58) . In human glioma cells treated with proteasome inhibitors lactacystin and acetyl-leucinyl-leucinyl-norleucinal, up-regulation of FasL expression has also been attributed to accumulation of c-myc (61) . In this study, we similarly demonstrate that FasL up-regulation in PS-341-treated cells was associated with increased levels of c-myc. The functional significance of the up-regulation of Fas and FasL in our model is confirmed by using a soluble decoy Fas construct, which protected against PS-341-induced apoptosis. Our data, therefore, suggest a dual apoptotic mechanism induced by PS-341 in MM cells: one involving the mitochondrial͞caspase-9 axis, and another mediated by JNK͞Fas͞caspase-8. The apoptotic pathways triggered by PS-341 are schematically summarized in Fig. 4 .
Finally, we demonstrate that PS-341 triggers transcription of proteasome subunits and molecular chaperones of the hsp family, representing a stress response. It is likely that PS-341-treated tumor cells attempt to compensate for the loss of proteasome activity by synthesizing new proteasomes and new chaperones. Although these cytoprotective responses are insufficient to rescue MM cells from apoptosis, they do support the notion that proteasome activity is required for cell survival and, importantly, further suggest that agents inhibiting the activity of molecular chaperones may block this protection and enhance the antitumor activity of proteasome inhibitors. Indeed, we found that a specific inhibitor of the chaperoning function of hsp90 (22, 55, 56) , sensitizes MM cells to subtoxic concentrations of PS-341. This sensitizing effect can be attributed to the fact that hsp90 inhibitors suppress a wide constellation of antiapoptotic protective cellular pathways, thereby rendering cells more sensitive to various proapoptotic stimuli. Specifically, we have previously found that inhibitors of the hsp90 chaperone can induce apoptosis of even drug-resistant MM cells, which is preceded by down-regulation of several kinases implicated in tumor cell growth͞survival (including IGF-1R, Akt, IB kinase-␣) as well as intracellular antiapoptotic proteins such as FLIP, XIAP, and cIAP-2, † † suggesting that hsp90 inhibition increases the PS-341 sensitivity of MM cells by means of multifactorial molecular mechanisms. On one hand, hsp90 inhibitors abrogate IGF-1R͞Akt signaling, thus neutralizing its attenuating effect on PS-341 sensitivity. On the other hand, hsp90 inhibitors can potentiate certain key proapoptotic sequelae of PS-341, e.g., PS-341 suppresses the proteasomal degradation of phosphorylated IB, whereas hsp90 inhibitors suppress I〉 phosphorylation by down-regulating IB kinase-␣. † † Thus, both these classes of antitumor agents block NF-B activation; however, because they target separate distinct levels of regulation of NF-B activity, combined use of subtoxic concentrations of these drugs may achieve a synergistic inhibitory effect on NF-B and cell survival. The strong synergistic interaction between the hsp90 inhibitor and PS-341 confirms the functional significance of the up-regulation of hsps, in general, and, in particular, hsp90, as a protective mechanism against PS-341-induced apoptosis and provides the framework for combination treatments that will include hsp90 inhibitors in an effort to augment clinical efficacy and overcome clinical refractoriness to PS-341.
In summary, the current study characterized the molecular sequelae of PS-341 treatment in MM, the prototypic disease model of antitumor activity of this proteasome inhibitor, and defined apoptotic pathways triggered by this anticancer agent. Our studies show that PS-341 induces down-regulation of proliferative pathways, up-regulation of apoptotic signaling, up-regulation of the proteasome͞ubiquitin pathway, and activation of stress kinases. Specifically, we identify a dual apoptotic mechanism, with a pivotal role for the mitochondria͞cytochrome c͞caspase-9 in one arm and the JNK͞death receptor-activated caspase-8 in the other. Overexpression of Bcl-2 and Akt activity may attenuate PS-341 effects, suggesting that these molecules may predict for response to PS-341 treatment and, at least in part, account for emergence of resistance in relapsing patients. Combining PS-341 with agents that inhibit Bcl-2 and Akt expression or function (e.g., antisense oligonucleotides) could, therefore, improve clinical outcome. Similarly, coupling PS-341 with agents which block the chaperoning function of hsp90 can also enhance their efficacy. These studies therefore not only shed light into mechanisms of action of proteasome inhibitors against MM cells, but also suggest therapeutic strategies to overcome potential clinical resistance to this emerging class of antitumor agents.
